33 34 ABSTRUCT 35 A phytohormone abscisic acid (ABA) has a major role in abiotic stress 36 responses in plants, and subclass III SNF1-related protein kinase 2 (SnRK2) 37 mediates ABA signaling. In this study, we identified Raf36, a group C Raf-like 38 protein kinase in Arabidopsis, as an interacting protein with SnRK2. A series 39 of reverse genetic and biochemical analyses revealed that Raf36 negatively 40 regulates ABA responses and is directly phosphorylated by SnRK2s. In 41 addition, we found that Raf22, another C-type Raf-like kinase, functions 42 3 partially redundantly with Raf36 to regulate ABA responses. Comparative 43 phosphoproteomic analysis using Arabidopsis wild-type and raf22raf36-1 44 plants identified proteins that are phosphorylated downstream of Raf36 and 45 Raf22 in planta. Together, these results reveal a novel subsection of 46 ABA-responsive phosphosignaling pathways branching from SnRK2. 47 48 93 Rafs, Raf22 and Raf36, functions as a "brake" of ABA response downstream of 94 SnRK2s. 95 96 97 6
INTRODUCTION 49 raf36-1srk2dsrk2e, and observed that it was less sensitive to ABA than raf36-1 140 (Figures 2E and 2F) . This result indicates that SRK2D and SRK2E are genetic 141 modifiers of raf36-dependent ABA hyper-sensitivity in the greening response. 142 Notably, seed germination rates were not significantly changed in either raf36 143 mutant in the presence or absence of ABA (Supplemental Figure 3D ). Taken auto-phosphorylated, demonstrating that Raf36 is an active kinase ( Figure 3A ). We 152 found that Raf36 prefers Mn 2+ for its kinase activity (Supplemental Figure 4A) , as 153 shown for other C-group Raf (Lamberti et al., 2011; Reddy and Rajasekharan, 154 2006; Rudrabhatla et al., 2006) , and SRK2E prefers Mg 2+ for its kinase activity 155 (Supplemental Figure 4B ). We then performed in vitro phosphorylation assays 156 using kinase-dead forms of Raf36 and SRK2E as substrates. SRK2E 10 We next tested if Raf kinases closely-related to Raf36 are also SnRK2 182 substrates. There are five kinases within Raf subgroups C5 and C6 ( Figure 4A ).
183
Among them, HIGH LEAF TEMPERATURE 1 (HT1/ Raf19) functions independently 184 of ABA (Hashimoto et al., 2006; Hashimoto-Sugimoto et al., 2016) . Therefore, we 185 focused our analyses on Raf43, Raf22 and Raf28. As shown in Figure 4B Figure 5B ). A T-DNA insertional mutant (SALK_105195C), raf22, 203 showed a similar phenotype to raf36, i.e. ABA hypersensitivity in the 204 post-germination growth ( Figure 4E and 4F) but not in seed germination 205 (Supplemental Figure 5C ). 206 To test potential functional redundancy between Raf36 and Raf22, a 207 raf22raf36-1 double knockout mutant was generated. In the presence of ABA, 208 raf22raf36-1 showed a stronger ABA-hypersensitive phenotype relative to individual 209 raf22 and raf36-1 mutants ( Figures 4E and 4F ). In addition, expression of ABA-and 210 stress-responsive genes RD29B and RAB18 were hyper-induced in raf22raf36-1 211 seedlings ( Figures 4G and 4H ). Moreover, leaf water loss was examined because 212 ABA also controls stomatal closure. However, leaf water loss of raf22raf36-1 and 213 individual raf22 and raf36-1 plants was similar to that of wild-type plants 214 (Supplemental Figure 5D ), suggesting that Raf36 and/or Raf22 has a minor role in 215 stomatal movements. Taken together, these results demonstrated that Raf36 and 216 Raf22 function redundantly in ABA signaling during post-germinative growth stage.
217
To examine whether the protein kinase activity of Raf36 and Raf22 are 218 required for its negative regulation of ABA response, several complemented lines 219 with kinase-dead form were generated. As shown in Figure 5A , the wild-type Raf36 220 complemented the ABA-hypersensitive phenotype of raf36- the ABA-treated raf22raf36-1 mutant were different from that of ABA-treated 239 wild-type ( Figure 5B ). In addition, the profiles of raf22raf36-1 were significantly 240 altered even before ABA treatment ( Figure 5B ).
241
Next, we identified phosphopeptides differentially regulated between 242 wild-type and raf22raf36-1. ABA-responsive and Raf36 and/or Raf22 dependent 
253
Subsets of phosphopeptides were further analyzed to evaluate potential 254 differences in cellular responses to ABA between wild-type and raf22raf36-1 plants. 255 First, gene ontology (GO) analysis reported the term "response to abscisic acid" as 256 significantly up-and down-regulated in the raf22raf36-1 double mutant 257 (Supplemental Figure 8C and 8D). In raf22raf36-1, RNA-and metabolism-related 258 GO terms were significantly up-and down-regulated groups before ABA treatment, 259 respectively (Supplemental Figures 9A and 9B ). Second, we analyzed mutant showed ABA-hypersensitive phenotype at post-germinative growth stage 307 (Hwang et al., 2018) and raf43 mutant showed ABA-hypersensitive phenotype at seed germination stage (Virk et al., 2015) . Our results demonstrated that Raf36 and 309 Raf22 functions partially redundantly in ABA-mediated post-germination growth 310 arrest, because raf22raf36-1 double knockout mutant showed a stronger ABA 311 hypersensitivity than in the individual single mutants ( Figures 4E and 4F) . In 
319
Thus, Raf36 and Raf22 may also have different functions in different tissues and 320 developmental stages.
321
In our experiments, kinase-dead forms of Raf36 or Raf22 did not 322 complement phenotypes of raf36-1 or raf22 mutants, indicating that in vivo kinase conditions. Further analysis will be required to address this possibility in the future. Yeast two-hybrid analysis was employed using the MatchMaker GAL4 Two-Hybrid
422
System 3 (Takara Bio, Japan) as previously described (Umezawa et al., 2009) . In vitro phosphorylation assay 473 In vitro phosphorylation assays were performed as described previously with some , raf36-1, raf22 and raf22raf36-1 on GM agar medium with or without 0.5 µM ABA. Data are means ± standard error (n=4). Each replicate contains 36 seeds. Photographs were taken 9 days after vernalization. (G and H) Relative gene expression of ABA-responsive genes. Total RNA was extracted from 1-week-old plants including wild-type, raf36-1, raf22 and raf22raf36-1 treated with 50 µM ABA for indicated periods. Bars indicate means ± standard error (n=3) and asterisks indicate significant differences by Student's t test (*P < 0.05, **P < 0.01). 
